SUMMARY Left ventricular (LV) performance at rest and during multilevel exercise in the supine and upright positions was studied in seven normal subjects with equilibrium radionuclide ventriculography. The mean left ventricular end-diastolic volume (LVEDV) during supine rest was 107 4 10 ml (± SEM) and 85 ± 6 ml (p < 0.02) in the upright position; the mean resting left ventricular end-systolic volumes (LVESV) were not diSferent in the upright and supine positions. The Changes in posture at rest are associated with significant changes in LV filling and stroke volume. A transition from the supine to the upright position produces a decrease in LV end-diastolic pressure1-3 and volume4-6 and in stroke volume.' -4 6-10 The results of previous studies of the alterations in LV enddiastolic volume during exercise in the supine position have varied.5, 6, 11-15 There is general agreement that end-systolic volume is smaller during exercise than at rest;6 11, 12, 14,15 most investigators3' 6, 12, 13 have reported an exercise-induced increase in stroke volume, although others have not.1 4These data are generally consistent with an enhanced contractile state From the Departments of Medicine
right, compared with 71 ± 6 beats/min supine (p < 0.05). Multilevel exercise testing was carried out at a low work load of 300 kpm/min, an intermediate work load of 600-750 kpm/min and a peak work load of 1092 66 kpm/min supine and 946 ± 146 kpm/min upright (p < 0.05). With peak exercise, supine LVEDV increased significantly, to 135 ± 13 ml (27%), but LVESV did not change. LVEF increased from 76 ± 2% to 84 i 2% (p < 0.05). With upright exercise, LVEDV increased 39% above the resting level, to 116 ± 8 ml (p < 0.02), but remained lower than the supine LVEDVs at intermediate (p < 0.05) and peak work loads. LVESV decreased significantly by 41%, to 19 ± 3 ml, and was significantly smaller than the corresponding supine volume at intermediate and peak exercise (p < 0.05). LVEF increased from 72 ± 4% to 91 ± 2% (p < 0.05), which was significantly higher than peak supine LVEF (p < 0.05). Heart rates at rest and during exercise were higher in the upright position (p < 0.05), but arterial pressures and double products did not differ significantly.
Measurements of LV volumes at rest and during exercise in both the supine and upright positions by dynamic radionuclide scintigraphy suggest that stroke volume during exercise is maintained by a combination of the Frank-Starling mechanism and an enhanced contractile state. Left ventricular stroke volume increases markedly during the transition from rest to exercise in the upright position and is almost as great as during supine exercise.1 ' 8, 9 16 Limited dimensional data suggest that changes in stroke volume are associated with a marked increase in end-diastolic volume., ' 17 The conflicting results of previous studies may be attributed in part to technical limitations. Radiographic techniques based on implanted metallic markers or angiography encounter potential difficulty due to alterations in cardiac position or geometry. Mmode echocardiography allows the measurement of ventricular dimensions, but the extrapolation of these determinations to actual volumes is unclear. In addition, angiographic contrast agents have significant effects on ventricular function8-20 and peripheral vascular regulation. 21 (3) 90-100% of the cardiac cycle. This resulted an a minimum of 50,000 counts per frame of the study. Resting LV volume and EF were measured before supine exercise with the subject's legs flat and again after elevation into the ergometer pedals. The upright resting study was performed with the subject sitting quietly on the bicycle. Exercise scintigrams were obtained for: (1) were isolated and used for further processing. Correction for background activity was performed using a single directional interpolated background subtraction technique that provided a reproducible and objective assessment of background activity.28 ROIs were constructed over the left ventricle at end-diastole and endsystole; left atrial activity was carefully excluded and strict criteria were used to define the LV borders. The 350 LAO-15°caudad view used in this study frequently allows visualization of the mitral valve plane and, hence, separation of left atrial and LV activity. If no clear delineation of the mitral valve plane was apparent, the valve plane was assumed to be perpendicular to the plane of the interventricular septum originating at the uppermost definable point of the septum. Scintigraphic estimates of left _sentricular volumes were calculated using the following formula:
THE EFFECTS OF EXERCISE
LV volume = LV activity (counts/sec) -background peripheral blood counts/sec/ml Because these count data were not acquired simultaneously, the peripheral blood activity was corrected for isotope decay using the general expression e-Xt, where X = 0.693/isotope half-life and t = time difference. LV activity was derived from the ratio of the total number of LV counts acquired during the imaging period (ROI counts) and the actual duration of data acquisition for each end-systolic or end-diastolic frame ( fig. I and table 1 ). The mean LVEF was 80% in both positions, which represented a significant increase of 9% (p < 0.05) above resting values in the upright position ( fig. 2 ). Cardiac output increased significantly (p < 0.01) to similar levels during supine and upright exercise ( fig. 3 ), but the heart rate was higher (124 ± 4 vs 100 ± 4 beats/min,p < 0.001) and stroke volume slightly lower (85 ± 7 vs 92 ± 9 ml) in the upright position. The increase in stroke volume with the transition from rest to exercise was much larger in the sitting position (54% vs 2 1%).
Stage II: Intermediate Exercise LV end-diastolic volume ( fig. 1 and table 1) showed a further increase compared with stage I at the intermediate exercise level (work load 600-750 kpm/min) in both the supine (p < 0.02) and sitting (p < 0.05) positions. Absolute LV end-diastolic volumes remained smaller in the upright position (p < 0.05). End-systolic volume showed a further significant decrease only in the upright position. The increase in cardiac output compared with stage I paralleled the increase in work load without any significant postural kpm/min upright). End-diastolic and end-systolic volumes and stroke volume remained slightly smaller in the upright than in the supine position, but the differences were not significant (figs. 1-3 and 34 showed a progressive increase in stroke volume with increasing exercise levels and concluded that the response is produced by a combination of increased contractility and the Frank-Starling mechanism. More recently, several investigators35-39 have shown in exercising dogs that LV end-diastolic dimensions increase, LV end-systolic dimensions decrease and stroke volume increases, thus verifying, at least in the dog, that both the FrankStarling mechanism and increased contractility are involved.
The data on left ventricular performance during exercise in man are inconclusive. Hemodynamic studies have generally, but not unanimously, shown that stroke volume increases with transition from rest to exercise in both the upright and supine positions.", 4, [8] [9] [10] [40] [41] [42] LV end-diastolic volume during supine exercise has been shown to decrease in studies in which metallic epicardial markers" and angiography were used.14 Using angiography, Gorlin et al.12 found no substantial change in LV enddiastolic volume. Crawford et al.6 demonstrated echocardiographically that diastolic diameter does not change during moderate supine and upright bicycle exercise. In Crawford's study, diastolic diameter was larger in the supine position at rest and during exercise. In half the subjects, LV diastolic diameter increased with exercise in the upright but not in the supine position. Systolic dimensions decreased significantly in both positions. Stein et al. 43 reported no change in echocardiographic end-diastolic diameter during supine exercise, but a marked increase during early recovery. Weiss et al.,'3 also using echocardiographic techniques, found an increase in diastolic diameter during exercise at moderately high work loads in the semisupine position, but no change in systolic dimensions. An increase in angiographic LV end-diastolic volume in the supine position was described by Sharma et al. 14 Our measurements during supine exercise showed a significant increase in stroke volume with the transition from rest to exercise and from light to moderately heavy exercise, but no further change at peak exercise. These changes in stroke volume were paralleled by changes in end-diastolic volume. End-systolic volume did not change, but ejection fraction showed a small progressive increase, and the difference between rest and peak exercise was significant. Systolic blood pressure and heart rate increased progressively during exercise. The measurements of end-systolic and enddiastolic volumes, combined with the stroke volume measurements, strongly imply large increases in stroke work and ejection rate. These changes are consistent with the increase in LVEF and may also be viewed as manifestations of an increased contractile state.
Our data on LV volumes at rest and during exercise in the upright position reveal a slightly different pattern. LV than in the supine position, but the response to increasing levels of exercise paralleled the supine results. Stroke volume and LVEF were lower at rest in the sitting than in the supine position, and showed larger increases from rest to mild exercise. LVEF continued to increase progressively during exercise, and the endsystolic volume decreased progressively through the three levels of exercise. LVEFs were higher and endsystolic volumes were lower in the upright than in the supine position during heavy exercise. Heart rates during exercise were higher in the upright position, but systolic blood pressures were similar in both positions.
These data indicate that the LV response to exercise, irrespective of position, includes a combination of a Frank-Starling mechanism and an increased contractile state; however, changes in contractility are of greater relative importance in the upright than in the supine position. Peak work loads were slightly higher in the supine than in the upright position in our study, which is in agreement with the findings of Holmgren and Ovenfors5 in well-trained subjects; Astrand and Saltin," however, reported a higher work capacity and Bevegard et al.9 reported an equal work capacity in the upright position. A slight mechanical disadvantage caused by a change from optimal work position to accommodate the imaging equipment may be the primary reason for the lower work capacity in the upright position in the subjects we studied.
In conclusion, this study shows the utility of dynamic myocardial scintigraphy for serial evaluation of LV function. With this technique, measurements of LV volumes and LVEF at rest and during exercise in both the supine and upright positions can be obtained. Our data indicate that during supine and upright exercise in man, both the Frank-Starling mechanism and increased contractility play a role in augmenting cardiac output.
